Purpose Intraocular dyes facilitate the identification of the inner limiting membrane (ILM) during surgery. Appropriate dyes should be safe, provide adequate staining, and be easy to use. Heavy Trypan blue eliminates the need for an air-fluid exchange (AFX) and appears to have little retinal toxicity. This study refers to a prospective, consecutive trial with heavy Trypan blue in macular hole surgery. Patients and methods A consecutive group of 20 patients with full thickness macular holes was recruited in a single institution study. Patients were operated using conventional methods. Heavy Trypan blue was prepared by mixing isovolumetrically glucose 10% with MembraneBlue (DORC, Zuidland, The Netherlands). Patients were assessed for ease of surgery and post-operatively at 3 and 6 months (vision and ocular coherence tomography) for hole closure and vision. Results Twenty eyes were included in the study. Reapplication of dye was used in 75% of the cases, leading to improved contrast further facilitating the ILM peel. In no case was an AFX necessary to obtain sufficient staining. Macular hole closure was achieved in 19 of 20 patients with one surgery. No retinal detachment or other complication was observed in the follow-up period. Conclusion Heavy Trypan blue can be delivered efficiently to the retinal surface without the need for an AFX. Staining was sufficient to help visualise and peel the ILM. Repeat applications were easily performed. The macular hole closure rate was similar to that of other series with a comparable visual improvement.
Introduction
Removal of inner limiting membranes (ILM) and idiopathic epiretinal membranes (ERMs) requires skill and experience. Non-closure of macular holes and re-proliferation of macular puckers have both been related to inadequate membrane removal. To facilitate surgery and improve the surgical outcome, adjuncts to enhance membrane visibility have been sought. These have included the use of a slit beam illumination, triamcinolone, 1 and stains such as Indocyanine and infracyanine green (ICG), brilliant blue, 2, 3 and Trypan blue. [4] [5] [6] [7] [8] Owing to a superior safety profile as compared with ICG, Trypan blue has been used by a number of European surgeons despite its lesser staining characteristics for the ILM. 7, 9, 10 The commercially available version of Trypan blue (MembraneBlue, DORC, Zuidland, The Netherlands) used in vitreoretinal surgery is diluted in phosphate-buffered saline. It requires a fluid-air exchange for the dye to pool over the macular surface as it otherwise diffuses throughout the vitreous cavity, as MembraneBlue has a similar osmolarity to balanced salt solution (BSS) and thus cannot stain membranes sufficiently. The methods to avoid the dispersion of the dye would be to either lower the osmolarity of the infusion solution, such as using Hartmann solution, or by increasing the osmolarity of the dye. In this study, to avoid the need for a fluid-air exchange, we modified the diluents used with Trypan blue to render it denser than saline, BSS þ , and other vitreoretinal infusates. This solution requires the addition of a fixed volume of concentrated glucose solution to achieve the necessary density. We used MembraneBlue (DORC) supplied in 0.5 ml of phosphatebuffered saline and mixed it with 0.5 ml of glucose 10%. We have earlier shown the use of heavy Trypan blue to be useful in the peeling of ERMs, achieving good anatomical and functional results. 11 We now propose using this modified 'heavy' Trypan blue solution in macular hole surgery with ILM peeling. We conducted a prospective, consecutive study of 20 patients with macular holes to assess the staining characteristics, ease of use, and safety of the heavy Trypan blue in macular hole surgery.
Materials and methods
Patients with idiopathic macular holes were recruited prospectively and consecutively into this study. Pre-operative assessment included age, gender, best-corrected visual acuity (BCVA), and full ocular examination. The primary outcome measure was the staining characteristic of the dye, specifically the number of repeat applications needed to complete the ILM peel. Secondary outcome measures were hole closure rate, post-operative visual acuity, and surgical complications. Ocular coherence tomography (OCT) was performed using the OCT3 (Zeiss Inc., Jena, Germany) to measure the smallest diameter of the macular hole opening, assess closure, and analyse the presence of ERM on the retina. The OCT was obtained by a trained technician using the fast macular thickness protocol. Post-operatively, BCVA and OCT were repeated at 3 and 6 months and hole closure was assessed.
Patients were operated using conventional methods using a 3 port, 20 gauge vitrectomy. After complete vitrectomy, the infusion line was turned off and heavy Trypan blue was injected gently, close over the macular area using a lacrimal cannula, and left for 1 min (Figure 1a ). Heavy Trypan blue was prepared by mixing equal volumes of glucose 10% with commercially available Trypan blue 0.15% (MembraneBlue, DORC). The glucose 10% and MembraneBlue mix easily at room temperature. This provides a final glucose concentration of 5% and a final Trypan blue concentration of 0.075%. This solution had an osmolarity of 320 mOsm and a pH of 7.0, as tested in our laboratory and by the hospital pharmacy. After a 1-min incubation, the infusion was once again opened and the excess dye was removed using a silicone tipped Charles flute ( Figure 1a ). Membrane peeling was achieved using a combination of a pic needle or bent MVR blade and Eckardt micro forceps (DORC) (Figure 1b ). The staining procedure was repeated in some patients when the ILM stain was not sufficiently intense, or the edge of the ILM was lost, to allow a complete and controlled peel. After full removal of the ILM, an internal search was performed and the sclerotomies and conjunctiva were closed.
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. Appropriate approval from the hospital medical ethics committee was obtained as dictated by Dutch law for this type of medical investigation. Appropriate consent was obtained.
Results
A total of 20 eyes of 20 patients were included in this study. Mean age was 67.5 years (range 54-86). Nine patients were female and 11 male. Four patients were phakic after the 6-month follow-up period and the other 16 had either combined phaco-vitrectomy surgery or were pseudophakic pre-operatively. Sixteen of the macular holes were idiopathic including two eyes of diabetic patients that showed no signs of retinopathy. Two patients were high myopes (À20 and À8 D). One patient had an earlier retinal detachment. Pre-operative BCVA in logMAR units ranged from 1.0 to 0.4 (mean 0.7, median 0.8). OCT showed a classic macular hole in all patients. Pre-operatively, 14 patients had a diameter of o500 mm and 6 had a diameter of 500 mm or larger.
Nineteen of 20 holes closed after one surgery. In 15 of 20 surgeries, heavy Trypan blue dye was reapplied to improve visualisation of the ILM's edge. More than two dye applications were not required in any surgery. One patient had an open hole after the first surgery and was re-operated using ICG to confirm the complete removal of the ILM. Indeed, no remaining ILM was found with ICG and the hole closed after the second surgery. Nineteen patients had C3F8 as the intraocular tamponade agent of choice and one patient had SF6. Twelve patients postured face down for 5 days, including the patient that failed. Eight patients were not instructed to posture, but were asked to not sleep supine.
Post-operative BCVA in logMAR units varied from 1.0 to 0.0 at 6 months (mean 0.35, median 0.3).
BCVA was improved or maintained in all patients. Sixteen patients (80%) improved two or more lines of vision. All patients were followed for a minimum of 6 months. During follow-up, no patient had a retinal detachment, one patient had macular pigment alterations, but no vision loss, and there was no case of endophthalmitis. Table 1 gives an overview of patient demographics and results.
Discussion
Macular hole surgery is frequently performed by vitreoretinal surgeons. Dyes are often used to stain the ILM with or without an epiretinal component as it facilitates a more complete and controlled removal of ILM and ERM leading to a higher primary success rate, especially in larger, stage 4 holes. 12 However, the dye must be safe, and preferably easy to apply, using simple steps. ICG has been used for both ERM and macular hole surgery. It stains the ILM intensely, thereby facilitating surgery. 12, 13 However, its use is not without risk. Several case reports and case series document adverse effects from a reduced visual recovery after surgery to the development of pigment alterations, 14 and post-operative vision loss, 15, 16 particularly when retinal integrity is compromised. 17 In vitro as well as in vivo toxicity has been shown against the retinal pigment epithelium and retinal glia. 13, 14, [16] [17] [18] [19] [20] [21] [22] [23] Owing to the risks associated with the use of ICG, alternative dyes have been sought to achieve the same goal, but with less potential toxicity.
Trypan blue was initially used to stain the lens capsule (0.06% Trypan blue in VisionBlue, DORC, Zuidland, The Netherlands). 24 At a higher concentration, Trypan blue is capable of staining preretinal structures (MembraneBlue (DORC) 0.15%). 4 As compared with ICG, Trypan blue appears to have a broader safety profile, as it is non-toxic to cultured retinal pigment epithelial cells and glial cells at concentrations used clinically between 0.06 and 0.2%, and is non-toxic to rabbit retina when it is promptly removed. 18, 23, [25] [26] [27] . Compared with ICG, it is easier to remove from the vitreous cavity, given its high water solubility. In addition, it does not appear to get incorporated into or adherent to RPE cells as much as ICG. 20, 28 Osmolality and pH of the Trypan blue solution 29 examined the osmolarity of a number of intraocular dyes prepared in several diluents. They found that the osmolality of Trypan blue 0.5 and 0.05% mixed with BSS or glucose 5% ranged from 287 to 332 mOsm, and the pH varied from 6.12 to 7.84. The concentration of commercially available MembraneBlue (DORC) is 0.15%. Variations in pH for ICG were found to be much more significant and potentially detrimental to the retina.
Trypan blue has been used for ERM peeling and ILM peeling in concentrations varying from 0.06 to 0.2%. 5, 6, [8] [9] [10] [11] [29] [30] [31] None of these concentrations were reported as toxic in clinical practice. Haritoglou et al 5 found visions 6 months after ERM removal to be similar between eyes operated with and without Trypan blue. Balayre et al 32 operated on patients with ERMs using 0.15% Trypan blue. They then performed multifocal ERG on patients and found no decrease in macular response and an increase 4 months after surgery. Anatomical evaluation shows that there was no increase in apoptosis or other indicators of retinal toxicity when HTB was used. 5, 32, 33 The main disadvantage of Trypan blue, as formulated in MembraneBlue (DORC), is that an air-fluid exchange (AFX) is required to achieve adequate staining. The procedure itself increases the risk of surgical complications including retinal tears. 5, 22 It also makes repeat applications of the dye less practical. To eliminate the need for an AFX, it is possible to either mix the dye with glucose to increase the osmolarity or to decrease the osmolarity by changing the infusion fluid (eg to Hartmann solution). We proposed a heavy form of Trypan blue, which can be applied into a fluid-filled eye without dispersing. The 1 : 1 mixture of MembraneBlue with 10% glucose gives staining characteristics that are sufficient to initiate and carry out an ILM peel. The staining is even more intense and visible by repeating the dye application once the ILM peel has been initiated. By eliminating the need for a fluid-air exchange, repeat application of the dye can be performed rapidly and safely. Ninety five per cent of our patients had a closed macular hole after the first surgery.
We would like to conclude that Trypan blue rendered 'heavy' by mixing it isovolumetrically with glucose 10% seems to be a relatively safe alternative for staining ILM in macular hole surgery. It eliminates the need for an AFX and can be easily reapplied when visualisation needs to be enhanced or the edge of the ILM is lost. In our small pilot study, none of our patients lost vision and 80% improved 42 lines at 6 months.
A larger study will be required to confirm the safety of heavy Trypan blue.
Conflict of interest
The authors declare no conflict of interest.
